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Abstract. Red sea urchins, 10 months old, were fed for 30
days on a casein-based diet containing progesterone, andro-
stenedione, testosterone, estrone, or estradiol-173. The
mean gonad indices of male animals in the androstenedione-
and the estrone-treated groups were significantly higher
than those in the control group, suggesting that these ste-
roids promote gonadal growth in male animals. Histological
observations indicated that spermatogenesis in the estrone-
treated group was also promoted compared to that in the
control group. In contrast, female urchins were not obvi-
ously affected by the steroid-treated diets, probably because
yearling female P. depressus are not otherwise ready to
carry out gametogenesis. We conclude that androstenedi-
one, estrone, and possibly their derivatives, are involved in
the reproduction of male P. depressus.

Introduction

Sex-related steroids, which have regulatory functions in
vertebrate reproduction, are also found in echinoderms. The
roles and actions of steroids in starfish have been investi-
gated often: e.g., biosynthesis and metabolism (Schoenmak-
ers, 1979; Schoenmakers and Voogt, 1980, 1981; Voogt and
Van Rheenen. 1986; Voogt et al., 1986, 1990, 19914, b:
Hines et al, 1992a); scasonal variations in steroid levels
(Schoenmakers and Dieleman. 1981: Voogt and Dieleman,
1984; Xu and Barker, 1990; Xu, 1991 Hines er al., 1992b).
and the effects of steroid injections (Schoenmakers er al.,
1981: Takahashi, 1982a. b; Barker and Xu, 1993). These
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previous reports suggest that steroids are involved in the
reproduction of starfish.

The importance of steroids in sea urchin reproduction is
less well known. Estradiol-178 induced the synthesis of a
novel protein in the coelomocytes of Dendraster excentri-
cus and Strongyloeentrotus purpuratus in vitro (Harrington
and Ozaki, 1986). Levels of estradiol-178 and progesterone
were determined in the testes and ovaries of Eueidaris
tribuloides every 3 months during the annual reproductive
cycle (Hines er al., 1992¢). Oral administration of estrone
increased the body weight of Pseudocentrotus depressus.
the red sea urchin (Unuma et al., 1996a). However, we are
just beginning to understand the relationship between ste-
roids and the reproduction of sea urchins.

In P. depressus, gonadal growth occurs from spring to
late autumn, preceding and also during gametogenesis. This
growth is mainly due to the accumulation of nutrients by the
nutritive phagocytes that occupy the lumina of the gonads of
both sexes. Gametogenesis normally begins in September or
October, and gonads are filled with mature gametes in
November or December (unpubl. data). To investigate the
effect of steroids on gonadal growth and gametogenesis, we
fed sex-related steroids to P. depressus. Casein-based diets
containing progesterone, androstenedione, testosterone, es-
trone, or estradiol-178 were prepared and fed to juvenile red
sea urchins for 30 days beginning in early September.

Materials and Methods

Animals

Individuals of P. depressus were hatched and reared at
the Fukuoka Prefectural Fish Farming Center and were
transferred to the Nansei Station of the National Rescarch
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Table 1

Composition of the experimental diets

Casein 30¢g
Sodium alginate 30 ¢g
Dextrin 20¢g
Cellulose 5¢
Pollock viscera oil S5g
Mineral mix' 4g
Soybean lecithin 3g
Vitamin mix* 23¢
Choline chloride 059 g
L(+)-Ascorbic acid 0.1g
B-Carotene 0.01 g
Ethanol with steroid® 2 ml
Water 120 m]

1'U. S. P. Xii salt mixture with trace elements (Halver, 1957).

2 Contains each vitamin corresponding to 44% of the premix reported by
the National Research Council (1973).

*The dissolved steroid is one of the following: progesterone. andro-
stenedione, testosterone, estrone, or estradiol-178 (2 mM!). Control diet
lacks steroid.

Institute of Aquaculture. Mie, Japan, in May 1993. These
individuals, 6 months old. were kept in a 1000-liter tank
supplied with sand-filiered seawater at 30 1 - min~' and
were reared on kelp (Eisenia bicyclis) for 4 months until
used in the feeding experiments. Before these experiments,
20 urchins were sacrificed and their gonads were examined.
The average gonad index (GIl) was 0.87%. and all the
gonads were in Stage 0 as determined by histological ob-
servations. The stages of maturation are defined below.

Experimental diets

The experimental diets were formulated according to
Akiyama et al. (1997) with some slight modifications (Ta-
bte 1). On a dry weight basis. 25% of the diet was protein
from casein, the sole protein source. Five test diets, each
containing a steroid. and a control diet that lacked steroid
were tested. Progesterone, (+)-4-androstene-3.17-dione
(androstenedione), testosterone, estrone, and estradiol-178
{(Wako Pure Chemical Industries, Ltd., Tokyo) were dis-
solved in ethanol and added to the diet to make a concen-
tration of 1.8 % 107% mol - g~ ' wet weight of diet. Only
ethanol was added to the control diet. The ingredients were
mixed thoroughly, shaped into a cookie-like form (about 50
mm in diameter) and then soaked in 5% CaCl, solution for
10 min (Akiyama 1997). The prepared test diets were
kept at —20°C until us«

Feeding procedire

The feeding experiments were conducted from 6 Septem-
ber to 6 October. Three hundred vrchins. 20 mm in test
diameter and 3.8 g in body weight, were divided into six

experimental groups, each containing 50 urchins: five
groups were each given one of the steroid diets. and one
group was given the control diet. Each group was placed in
two rectangular acrylic tanks (50 X 20 X 30 cm, holding 20
liter of water), with 25 individuals per tank. Sand-filtered
seawater was supplied to the tanks at the rate of 0.7 1 -
min~'. During the experimental period, the water tempera-
ture gradually decreased from 25°C to 21°C. Sea urchins in
each tank were given an excess of the experimental diets
{7-10 g per tank) every other day and were allowed to feed
to satiation. Uneaten diets were collected and weighed be-
fore new diets were given. Food intake for each tank was
estimated based on the decrease in weight of the diet. After
30 days of feeding, body weight and gonad weight were
measured for all animals. Gonad index (GI) was calculated
from the following formula.

Gl (%) = 100 X gonad wet weight/body wet weight

Daily food consumption was calculated for each tank
using the following formula.

Daily food consumption (%) = 100 X food intake/[(ini-
tial body weight + final body weight)/2] X rearing period
(days)

Histological observations

Small pieces of gonad from each animal were fixed in
Bouin's solution, embedded in paraffin. and sectioned at 10
. The sections were stained with hematoxylin and eosin,
and then observed by light microscopy to determine the sex
and gametogenic stage of the gonads. The gonadal maturity
of each animal was assessed according to the six-stage
classification of Fuji (1960), with some slight modifications
(Unuma er al., 1996b) as follows (see Fig. 1).

Stage 0 (neuter): No obvious germ cells are observed, and
sexes are unidentifiable. The gonadal lumina are filled
with nutritive phagocytes.

Stage 1 (developing virgin): A few small oocytes or small
clusters of spermatogonia are present at the periphery
of gonads otherwise filled with nutritive phagocytes.

Stage 2 (growing): The gonads contain rows of spermato-
gonia or of oocytes at the periphery. The center ol the
gonads still contain nutritive phagocytes.

Stage 3 (pre-mature): In the center of the gonad. nutritive
phagocytes are replaced with spermatozoa or ripe ova.

Stage 4 (mature): The gonadal lumina are filled with ripe
ova or spermatozoa. Nutritive phagocytes are recog-
nized only at the periphery of gonads.

Stage 5 (spent): Gonadal lumina are almost empty. with
a few relict ova or small masses of relict spermatozoa.
Nutritive phagocytes are recognized at the periphery of
gonads.
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Figure 1. Classification of gonadal maturity in Pseudocentrotus de-
pressus. Only the stages observed in this study are shown. B. D. F. H: male;
C. E. G: female. (A) Stage 0: No obvious germ cells are observed, and sex
is umdentifiable. (B. C) Stage 1: Small clusters of spermatogonia or a few
young oocytes are present at the periphery of the gonad. (D, E) Stage 2:
The gonads contain rows of spermatogonia or of oocytes. (F. G) Stage 3:
In the center of the Jumina. nutritive phagocytes are replaced with sper-
matozoa or ripe ova. (H) Stage 4: The gonadal lumina are filled with
spermatozoa. Scale bar: 200 pm.

Statistical analysis

The mean values of GI and daily food consumption were
compared using unpaired Student’s 1 tesls between the ste-
roid-treated groups and the control group, after comparison
of the variances using F tesl.

The Mann-Whitney U test was used to compare the
distribution of the maturational stages ol gonads between
the steroid-fed groups and the control group.

Results
Gonad index

No mortality occurred during these experiments. More-
over, sex could be determined by histological observations
in all but three animals. One specimen in each of the
progesterone-, androstenedione-, and testosterone-trealment
groups was neuler, and these three cases were omitted when
average Gls were calculated Tor each sex.

Figure 2 shows the mean Gl values for each sex after the
30-day feeding trial. In male animals, the mean GI of
the control group was 4.87%. The androstenedione- and
estrone-treated groups showed significantly higher values
than the control group, 6.22% (P < 0.05) and 6.94% (P <
0.001), respectively. The values in the progesterone-, the
testoslerone-, and the estradiol-178-treated groups were not
significantly ditferent [rom the control group.

Unlike the male animals, the female animals had similar
mean Gl values from all groups; in particular, no significant
difference was found between the steroid-1reated groups and
the control group.

Maturational stages of gonads

Frequencies of the maturational stages of gonads for each
sex are shown in Figure 3. In males, the percentages of
Stages 1, 2, and 3 in the control group were 32%, 54% and
14%, respectively. In all the steroid-treated groups except
that treated with estrone, the percentage of each stage was
similar to that in the control group. In the estrone-treated
group, however, the percentage of Stage 1 was only 4%
(one-cighth that of the control group) and that of Stage 3
was 31% (more than twice that of the control group). The
distribution of maturational stages in the estrone-lreated
eroup was significantly different (P < 0.05) from that of the

Control
Progesterone
Androstenedione F el B Male
£l Female

Estraone

Estradiol-17p

(%)

Figure 2. Gonad index of male and female Pseudocentrotus depressus
fed diets containing steroids. Values represent the mean = SE. Numerals
in the graph indicate the number of individnals. Values with asterisks are
significantly different from the control of the same sex (*, P < 0.05; *##*
P < 0.001).
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Frequencies of the maturational stages of gonads for male and female Psendocentrotus depressus

fed diets containing steroids. The frequencies for male animals in the estrone-treated group are significantly

different from those in the control group (P << 0.05).

control group. This suggests that spermatogenesis was pro-
moted in the estrone-treated group.

In the females from all groups. most of the gonads were
in Stage 1. with no specific ditference observed between the
steroid-treated and control groups.

Daily food consumption

The mean daily consumption, based on wet matter, for
duplicate tanks are shown in Table 1I. The androstenedione-
and the estrone-treated groups showed higher values than
the control group, but this difference was not significant.

Discussion

In this study of P. depressus, the responses of males and
females to orally administered steroids was markedly dif-
ferent. tn males, the mean GIs in the androstenedione- and
the estrone-treated groups were significantly elevated com-
pared to that in the control group. suggesting that andro-

Table U

Duaily consumprion by Psendocentrotus depressus of diets containing
steroids

Diet Daily consumption (%)"

Control
Progesterone
Androstenedione
Testosterone
Estrone
Estradiol-178

1.985 + 0.043
1.987 = 0.002
2,188 * 0.073
2098 = 0.139
2.164 £ 0.026
1.991 = 0.047

" Calculated as 100 > food intake/[(initial body weight + final body
weight)/2] X rearing period (days): Values represent the mean + SE of
duplicate tanks. None of these valnes in steroidal groups is significantly
different from that in the control group.

stenedione and estrone promoted gonadal growth. In these
two groups, daily food consumption was higher than in the
control group. The mobilization of nutrients from the food
into the testes may have been enhanced in these steroid-fed
groups.

Unlike males, female animals were not affected by the
steroids tested in this study. Unuma er al. (1996b) cultured
P. depressus for one year, from an age of 8 months to 20
months, and during this period most of the females re-
mained immature throughout the annual reproductive cycle,
but most of the males commenced gametogenesis. Yearling
temale red sea urchins thus probably cannot carry out ga-
metogenesis. We think this 1s the main reason that the
female animals did not respond to the steroids in this study.

In both sexes of the sea urchin. the nutritive phagocytes
in the gonad are the main site for storage of nutrients
required for gametogenesis (Walker, 1982). Nutrients de-
rived from ingested food are assimilated into storage in the
nutritive phagocytes before and also during gametogenesis
(Takashima, 1976). We suppose that, in this study, andro-
stenedione and estrone promoted the accumulation of nutri-
ents by the nutritive phagocytes. But as gametogenesis
progresses, the nutritive phagocytes shrink and lose their
nutrient reserves. Therefore. it is difficult to compare the
total amount of nutrients accumulated by the nutritive
phagocytes of animals that are in different gonadal stages.

Sea urchins are unlike other oviparous animals in that
yolk protein is not female specific. The yolk protein accu-
mulates in the nutritive phagocytes as a nutrient source for
gametogenesis, not only in females (Ozaki er al., 1986), but
also in males (Unuma er al, 1998). Shyu et al. (1987)
identified, in the sea urchin Strongylocentrotus purpuratus,
a DNA sequence closely resembling the estrogen-respon-
sive element of vertebrates near the gene of the yolk protein
precursor, called vitellogenin. This suggests that vitelloge-
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nin synthesis may be controlled by steroids in sea urchins,
as it is controlled in oviparous vertebrates by estrogens
(Wallace, 1985), and in insecis by ecdysteroids (Hagedom,
1985). In this study, the accumulation of nutrients into the
nutritive phagocytes may have been enhanced by the ste-
roids through the synthesis of vitellogenin.

In sea stars of both sexes. estrogens may promote bio-
synthesis of protein in the pylonc caeca and its subsequent
mobilization into the gonads (Schoenmakers and Dieleman.
1981; Voogi and Dieleman, 1984: Voogt et al.. 1985; Xu
and Barker. 1990). Takahashi (1982a) reported that daily
injections of androstenedione and estrone over a 16-day
period induced gonadal growth in female Asterina pectinif-
era, whereas progesterone. testosterone. and estradiol-173
did not. Takahashi’s results are similar to our observations
for male P. depressus. Takahashi supposed that andro-
stenedione was metabolized to estrone, which then affected
the mobilization of proteins into the ovaries. However, little
information is available on the biosynthesis of estrogen
from androgens in echinoderms (Hines et al, 1992a).
Whether androstenedione itself has the potential to promote
gonadal growth in echinoderms must be determined in
furure studies.

The relationship between steroids and gametogenesis in
sea stars has been the concern of several reports. Estrone
injections over a 5-day period increased the number of male
germ cells tn A. pectinifera (Takahashi. 1982b). Increases in
estrone levels in the testes were observed at the onset of
testicular growth in Asterias rubens (Voogt and Dieleman.
1984) and in Sclerasterias mollis (Xu. 1991). Transient
increases in estradiol-178 levels in the testes occurred co-
incidently with mitotic proliferation of spermatogonia in
Asterias vulgaris (Hines et al., 1992b). In A. vulgaris, after
a preireatment with progesterone, estradiol-173 stimulaied
spermatogonial mitosis in vitro (Marsh and Walker. 1995).
These reports suggest that, in sea stars, estrogens are re-
sponsible for initiating spermatogenesis through the stimu-
lation of spermatogonial proliferation. In the current [eeding
experiment. spermatogenesis was promoted in the estrone-
treated group. This result suggests that, in sea urchins,
estrone is important for the initiation of spermatogenesis, as
reported in sea stars. Our conclusion in this study is that
androstenedione, estrone, and possibly their derivatives, are
probably involved in the reproduction of sea urchins
through the control of gonadal growth and gametogenesis.

Acknowledgments

We are grateful to the Fukuoka Prefectural Fish Farming
Center for providing the experimental P. depressus seed-
lings.

Literature Cited

Akiyama, T., T. Unuma, T. Yamamoto, II. Furnita, and K. Kogishi.
1997.  An evaluation of amino acid sources and binders in semipuri-

fied diet for red sea urchin Pseudocentrotus depressus. Fish. Sci. 63:
881-886.

Barker, M. F., and R. A. Xu. 1993. Effects of estrogens on gameto-
genesis and steroid levels in the ovaries and pyloric caeca of Scleras-
terias mollis (Echinadermata: Asteroidea). Invertebr. Reprod. Dev. 24:
53-58.

Fnji, A. 1960. Studies on the biology of the sea urchin. I. Superficial and
histological gonadal changes 1n gametogenic process of two sea ur-
chins. Strongylocentrotus nudus and S. intermedius. Bull. Fac. Fish.
Hokkaido Univ. 11: 1-14.

Hagedorn, H. H. 1985. The role of ecdysteroids in reproduction. Pp.
205-262 in Comprehensive Insect Physiology, Biochemistry and Phar-
macology, G. A. Kerkut and L. 1. Gilbert, eds. Pergamon Press, Oxford.

Halver, J. E. 1957. Nutrition of salmonid fishes ITl. Water soluble
vitamin requirement of chinook salmon. J. Nutr. 62: 225-243.

Harringtan, F. L., and H. Ozaki. 1986, The effect of estrogen on
protein synthesis in echinoid coelomocytes. Comp. Biochem. Physiol.
84B: 417-421.

Hines, G. A.. S. A. Watts, C. W. Walker, and P. A. Voogt. 1992a.
Androgen metabolism in somatic and germinal tissues of the sea star
Asterias vulgaris. Comp. Biochem. Physiol. 102B: 521-526.

Hines, G. A.. S. A. Watts, S. A. Sower, and C. W. Walker. 1992b.  Sex
steroid levels in the tesles, ovaries, and pyloric ceaca during gameto-
genesis in the sea star Asterias vulgaris. Gen. Comp. Endocrinol. 87:
451-460.

Hines, G. A., J. B. McClintock, and S. A. Watts. 1992c. Levels of
estradiol and progesterone in male and female Eucidaris tribuloides
(Echinodermata: Echinoidea) over an annual gametogenic cycle. Fla.
Sci. 55(2): 85-91.

Marsh, A. G., and C. W. Walker. 1995, Effect of estradiol and pro-
gesterone on c-myc expression in the sea star testis and the seasonal
regulation of spermatogenesis. Mol. Reprod. Dev. 40: 62-68.

National Research Conncil. 1973,  Nutrient Requirements of Trout,
Salmon, and Catfish. National Academy of Science, Washington, DC.

Ozaki, H., O. Moriya, and F. E. Harrington. 1986. A glycoprolein in
the accessory cell of the echinoid ovary and its role in vitellogenesis.
Roux's Arch. Dev. Biol. 195: 74-79.

Schoenmakers, H. J. N. 1979. In vitro biosynthesis of steroids from
cholesterol by the ovaries and pyloric caeca of the slarfish Asterias
rubens. Comp. Biochem. Physiol. 63B: 179-184.

Schoenmakers, H. J. N., and S. J. Dieleman. 1981, Progesterone and
estrone levels in the ovaries. pyloric ceca, and perivisceral fluid during
the annual reproductive cycle of starfish, Asterias rubens. Gen. Comp.
Endocrinol. 43: 63-70.

Schoenmakers, H. J. N., and P. A. Voogt. 1980. In vitro biosynthesis of
steroids from progesterone by the ovaries and pyloric ceca of the
starfish Asterias rubens. Gen. Comp. Endocrinol. 41: 408 -316.

Schoenmakers, H. J. N., and P. A. Vaogt. 1981. In vitro hiosynthesis of
steroids from androstenedione by the ovaries and pyloric caeca of the
starfish Asterias rubens. Gen. Comp. Endocrinol. 45: 242-248.

Schaenmakers, H. J. N., C. G. Van Bohemen, and S. J. Dieleman. 1981.
Effects of oestradiol-173 on the ovaries of the starfish Asterias rubens.
Dev. Growth Differ. 23(2): 125-135.

Shyu, A.-B., T. Blumenihal, and R. A. Raff. 1987. A single gene
encoding vitellogenin in the sea urchin Strongvlocentrotus purpuratus:
sequence at the 5’ end. Nucleic Acids Res. 15: 10405-10417.

Takahashi, N. 1982a. The relation between injection of steroids and
ovarian protein amounts in the starfish Asterina pectinifera. Bull. Jpn.
Soc. Sci. Fish. 48: 509-511.

Takahashi, N. 1982b.  Effect of injection of steroids on the starfish testes
Asterina pectinifera. Bull. Jpn. Soc. Sci. Fish. 48: 513-515.

Takashima, Y. 1976. Ulirastruciure of nurse cells and oogenesis in the
sea urchin. Gunma Symp. Endocrinol. 13: 105-127.

Unuma, T., T. Yamamoto, and T. Akiyama. 1996a. Effects of oral



204 T. UNUMA ET AL.

administration of steroids on the growth of juvenile sea urchin, Pseudo-
centrotus depressus. Suisanzoshoku 44(1): 79-83.

Unuma, T., K. Konishi, H. Furnita, T. Yamamoto, and T. Akiyama.
1996h. Seasonal changes in gonads of cultured and wild red sea
urchin, Psendocentrotus depressus. Suisanzoshokn 44(2): 169-175.

Unuma, T., T. Suzuki, T. Knrokawa, T. Yamamoto, and T. Akiyama.
1998. A protein identical to the yolk protein is stored in the testis in
male red sea urchin, Pseudocentrotus depressus. Biol. Bull. 194; 92—
97.

Vongt, P. A., and S. J. Dieleman. 1984. Progesterone and oestrone
levels in the gonads and pyloric caeca of the male sea star Asrerias
rubens: a comparison with the corresponding levels in the female sea
star. Comp. Biochem. Physiol. T9A: 635-639.

Voogt, P. A.. and J. W. A. Van Rheenen. 1986, Androstenedione
metabolism in the sea star Asrerias rubens L. studied in homogenates
and intact tissue: biosynthesis of the novel steroid futty-acyl testoster-
one. Comp. Biochem. Physiol. 85B: 497-502.

Vangt, P. A, J. J. S. Broertjes, and R. C. H. M. Oudejans. 1985.
Vitellogenesis in sea star: physiological and metabolic implications.
Comp. Biochem. Physiol. 80A: 141-147.

Voogt, P. A., J. W. A. Van Rheenen, J. G. D. Lambert, and B. F. De
Groot. 1986. Effects of different experimental conditions on proges-
terone metabolism in the sea star Asterias rubens L. Comp. Biochem.
Physiol. 84B: 397-402.

Voogt, P. A., P. J. Den Besten, and M. Jansen. 1990. The A S-pathway
in steroid metabolism in the sea star Asterias rubens L. Comp. Bio-
chem. Physiol. 97B: 555-562.

Voogt, P. A,, I'. J. Den Besten, and M. Jansen. 1991a. Steroid metab-
olism in relation to the reproductive cycle in Asterias rubens L. Comp.
Biochem. Physiol. 99B: 77-82.

Voogt, P. A., S. Van leperen, M. B. J. C. B. Van Raoyen, H. J. Wynne,
and M. Jansen. 1991b.  Effect of photoperiod on steroid metabolism
in the sea star Asterias rubens L. Comp. Biochem. Physiol. 100B:
37-43.

Walker, C. W. 1982, Nutrition of gametes. Pp. 4149-468 in Echinodern
Nutrition, M Jangoux and J. M. Lawrence, eds. A. A. Balkema.
Rotterdam.

Wallace, R. A, 1985, Vitellogenesis and vocyte growth in nonmamma-
lian vertebrates. Pp. 127-177 in Developmental Biology, 1.. W. Brow-
der, ed. Plenum Press, New York.

Xu, R. A. 1991, Annual changes in the steroid levels in the testis and the
pyloric caeca of Sclerasterias mollis (Hutton) (Echinodermata: Aster-
oidea) during the reproductive cycle. Invertebr. Reprod. Dev. 20:
147-152.

Xu, R. A,, and M. F. Barker. 1990. Annual changes in the steroid levels
in the ovaries and the pyloric caeca of Sclerasrerias mollis (Echino-
dermata: Asteroidea) during the reproductive cycle. Comp. Biochem.
Physiol. 95A: 127-134.



